Al 2 O 3 /water nanofluid conjugate heat transfer inside a microchannel is studied numerically. The fluid flow is laminar and a constant heat flux is applied to the axisymmetric microchannel's outer wall, and the two ends of the microchannel's wall are considered adiabatic. The problem is inherently three-dimensional, however, in order to reduce the computational cost of the solution, it is rational to consider only a half portion of the axisymmetric microchannel and the domain is revolved through its axis. Hence. the problem is reduced to a two-dimensional domain, leading to less computational grid. At the centerline (r = 0), as the flow is axisymmetric, there is no radial gradient (∂u/∂r = 0, v = 0, ∂T/∂r = 0). The effects of four Reynolds numbers of 500, 1000, 1500, and 2000; particle volume fractions of 0% (pure water), 2%, 4%, and 6%; and nanoparticles diameters in the range of 10 nm, 30 nm, 50 nm, and 70 nm on forced convective heat transfer as well as performance evaluation criterion are studied. The parameter of performance evaluation criterion provides valuable information related to heat transfer augmentation together with pressure losses and pumping power needed in a system. One goal of the study is to address the expense of increased pressure loss for the increment of the heat transfer coefficient. Furthermore, it is shown that, despite the macro-scale problem, in microchannels, the viscous dissipation effect cannot be ignored and is like an energy source in the fluid, affecting temperature distribution as well as the heat transfer coefficient. In fact, it is explained that, in the micro-scale, an increase in inlet velocity leads to more viscous dissipation rates and, as the friction between the wall and fluid is considerable, the temperature of the wall grows more intensely compared with the bulk temperature of the fluid. Consequently, in microchannels, the thermal behavior of the fluid would be totally different from that of the macro-scale.
Introduction
Convective heat transfer plays a vital role in micro thermal systems owing to its widespread utilization in different areas of engineering and in particular energy fields. Inappropriate thermal conductivity of conventional fluids is a restriction for convective heat transfer improvements. In order to solve this problem, nanofluids, composed of suspended particles with nanometer dimensions and a base fluid, are suggested [1, 2] . Nanofluids have modified thermal features compared with the base liquid owing to the existence of solid nano-sized particles [3] [4] [5] [6] [7] [8] Thus, in order to increase the heat transfer coefficient, nanofluids' utilization in micro and macro channels has been popular. On the other hand, some effects, like viscous dissipation, that can be neglected in macro-scale problems are of particular importance in smaller scales [9] .
Numerous studies have focused on the thermal specifications of heat transfer devices with nanofluid and microchannnels. Li et al. [10] stated that, in order to accurately investigate fluid flow and heat transfer in microchannels, many parameters such as axial heat conduction, viscous effect, surface geometry, and so on should be considered. Many researchers [11] [12] [13] [14] [15] [16] [17] showed that utilization of nanoparticles can increase the coefficient of convective heat transfer and, as a result, the rate of heat transfer. The need to increase the efficiency of systems has become widespread in different areas like power systems [18] [19] [20] while taking into consideration economic issues [21, 22] . Celata et al. [23] conducted an experimental research on heat transfer in a microtube with an inner diameter between 50 µm and 528 µm and a uniformly heated wall. By comparison with the conventional value of Nusselt number in a channel with circular cross section, constant heat flux, and fluid properties (Nu = 4.36 [24] ), the rate of heat transfer decreased. Mital [25] analytically analyzed the heat transfer of laminar nanofluid developing flow in microchannels. They showed that the ratio of the coefficient of heat transfer in nanofluids to base fluid was noticeably dependent on the size of solid particles and their concentration, while there was weak dependency on the Reynolds number. Faghri and Sparrow [26] studied fluid and wall axial conduction heat transfer in a laminar flow and the importance of the axial heat conduction was determined by their proposed criterion. In another study [27] , conjugate heat transfer was theoretically investigated for a microtube. Various lengths, thicknesses, and material for walls of the microtube were considered in the study. It was concluded that the local Nusselt number decreases with a decrease in the channel length and increment in the thickness of wall and its thermal conductivity. Maiga et al. [28] investigated the thermal behavior of a turbulent flow of Al 2 O 3 /water nanofluid flowing inside a tube that is put in a uniform wall heat flux. They showed that using nanoparticles enhances the coefficient of heat transfer, and it increases with an augmentation in the fraction of particles. Akbari and Behzadmehr [29] investigated the influence of using nanofluid on heat transfer in a tube installed horizontally with uniform heat flux. They used three different Al 2 O 3 particle concentrations of 0, 2, and 4 percent. They concluded that, for a given Grashof number, the coefficient of convective heat transfer enhances with an augmentation in the particle's concentration. Thermophysical specifications of a nanofluid such as thermal conductivity and viscosity can influence convective heat transfer [30, 31] . Different models, based on various approaches such as correlations, artificial neural network, and support vector machines, are represented for modeling of nanofluids' properties [32] [33] [34] [35] [36] [37] . Koo et al. [38] and Chon et al. [39] modeled nanofluid effective thermal conductivity including effects due to both temperature and particle size. Ben Mansour et al. [40] studied nanofluid forced convective heat transfer. They showed that different modeling of nanofluids' thermophysical features leads to contradictory results. Li et al. [41] investigated the impact of thermophysical properties of the fluid on thermal features. They showed that the thermophysical properties can considerably affect the heat transfer rate. Lelea [42] numerically studied a microchannel and investigated heat transfer and laminar flow of fluid inside it. He used three different fluids with temperature dependency. The results indicated that thermal conductivity has remarkable impact on local Nusselt number behavior in the cases of low Re numbers. As the Re increases, the thermal conductivity has a weaker effect on the local Nusselt number. Another important parameter in microtubes is viscous dissipation, which is like an energy source in the fluid flow and changes the distribution of the temperature. This energy Symmetry 2020, 12, 120 3 of 13 source is actually induced by shear stresses. Many works have been done so far studying this effect. Tso and Mahulikar [43] [44] [45] investigated the impact of the Brinkman number on the thermal behavior of the fluid flowing in microchannels. Morini [46] studied conjugate heat transfer and the heating due to viscosity in microtubes. The results revealed that the dependency of the average Nusselt number on Re number can be described by including the viscous dissipation and the conjugate effects. In a study by Safaei et al. [47] , erosion rate of a two phase fluid flow inside a 90 degree elbow was analyzed. Parameters of fluid velocity, particle diameters, and its volume fraction were investigated, and the results showed that particles' size and volume fraction, as well as the velocity of the fluid, have a considerable effect on the erosion rate.
From the above review, a great number of studies has been conducted on the topics including viscous dissipation, conjugate heat transfer, nanofluids, and so on. One goal of the study is to investigate the expense of increased pressure loss for increment of the heat transfer coefficient in microchannels. Additionally, this study aims at showing that, despite the macro-scale problems, in microchannels, the viscous dissipation effect cannot be neglected, and affects temperature distribution as well as the heat transfer coefficient. To this end, the influence of different parameters including Reynolds number, diameter of nanofluids, and concentration on heat transfer coefficient, together with the performance evaluation criterion for Al 2 O 3 /water laminar flow in an axisymmetric microchannel, are investigated.
Numerical Model
Numerical models are applicable for modeling the flow of fluid and heat transfer of complex geometries and operating conditions [48] [49] [50] [51] . In the first step of the present modeling procedure, it is required to define the geometry of the microchannel. The geometry of the investigated problem in the current research is shown in Figure 1 . An axisymmetric microchannel with inner diameter of D i = 0.1 mm and outer diameter of D o = 0.3 mm with L = 100 mm length and a constant heat flux applied on the outer wall q o = 5305.3 W m −2 is studied. The wall thermal conductivity is equal to that of the steel, k = 16.3 W m −1 K −1 . It is considered that, at the microchannel inlet, the temperature and velocity are uniform. Heat flux in uniform condition is applied on the outer wall and the condition adopted at the outlet is fully developed. At the interface of solid and liquid, conjugate heat transfer procedure is considered and the continuity of heat flux and temperature are defined at the interface. Mahulikar [43] [44] [45] investigated the impact of the Brinkman number on the thermal behavior of the fluid flowing in microchannels. Morini [46] studied conjugate heat transfer and the heating due to viscosity in microtubes. The results revealed that the dependency of the average Nusselt number on Re number can be described by including the viscous dissipation and the conjugate effects. In a study by Safaei et al. [47] , erosion rate of a two phase fluid flow inside a 90 degree elbow was analyzed. Parameters of fluid velocity, particle diameters, and its volume fraction were investigated, and the results showed that particles' size and volume fraction, as well as the velocity of the fluid, have a considerable effect on the erosion rate. From the above review, a great number of studies has been conducted on the topics including viscous dissipation, conjugate heat transfer, nanofluids, and so on. One goal of the study is to investigate the expense of increased pressure loss for increment of the heat transfer coefficient in microchannels. Additionally, this study aims at showing that, despite the macro-scale problems, in microchannels, the viscous dissipation effect cannot be neglected, and affects temperature distribution as well as the heat transfer coefficient. To this end, the influence of different parameters including Reynolds number, diameter of nanofluids, and concentration on heat transfer coefficient, together with the performance evaluation criterion for Al2O3/water laminar flow in an axisymmetric microchannel, are investigated.
Numerical models are applicable for modeling the flow of fluid and heat transfer of complex geometries and operating conditions [48] [49] [50] [51] . In the first step of the present modeling procedure, it is required to define the geometry of the microchannel. The geometry of the investigated problem in the current research is shown in Figure 1 . An axisymmetric microchannel with inner diameter of Di = 0.1 mm and outer diameter of Do = 0.3 mm with L = 100 mm length and a constant heat flux applied on the outer wall qo = 5305.3 W m −2 is studied. The wall thermal conductivity is equal to that of the steel, k = 16.3 W m −1 K −1 . It is considered that, at the microchannel inlet, the temperature and velocity are uniform. Heat flux in uniform condition is applied on the outer wall and the condition adopted at the outlet is fully developed. At the interface of solid and liquid, conjugate heat transfer procedure is considered and the continuity of heat flux and temperature are defined at the interface. The set of equations used to describe the problem is as follows: Conservation of mass:
Moreover, conservation of momentum is applied as follows:
Equations of conservation of energy that are solved for both the solid and liquid domains, respectively, are as follows: The set of equations used to describe the problem is as follows: Conservation of mass:
Symmetry 2020, 12, 120
of 13
Equations of conservation of energy that are solved for both the solid and liquid domains, respectively, are as follows:
where S v is the viscous dissipation term. Equations of momentum, continuity, and energy along with the reasonable conditions at the boundaries are solved using the finite volume method described in the work of [52, 53] . Energy and momentum equations were discretized using first-order upwind approach and SIMPLE scheme was employed for pressure-velocity coupling. Gambit 2.4.6 was used for mesh generation and ANSYS Fluent 6.3.26 was utilized for simulation of the CFD problem.
At the entrance of the microchannel, uniform temperature and velocity profiles are considered:
At the outlet, the flow is thermally fully developed:
At the centerline of the microchannel (r = 0), the flow is axisymmetric, which implies that there is no radial gradient in the flow. Therefore, the boundary conditions are as follows:
At the fluid-solid interface, the no-slip condition is considered:
Continuity of temperature and heat flux at the fluid-solid interface is applied:
The constant heat flux on the outer surface of the microchannel is defined as follows:
The properties of Al 2 O 3 nanoparticles are represented in the work of [54] as follows:
α p = 11.9 * 10 −6 m 2 s .
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The nanofluids' effective thermal conductivity is given as follows [41] :
The nanofluids' effective dynamic viscosity is determined as follows [55] :
The specific heat and density of the nanofluids are defined, respectively, as follows:
Brinkman number in cases of constant heat flux is expressed as follows:
The pumping power is defined as follows:
Reynolds number is defined as follows:
Local heat transfer coefficient is calculated as follows:
In order to evaluate the thermal performance of the microchannel, the performance evaluation criterion (PEC) is used [56] . It is defined as the ratio of transferred heat to needed power of pumping as follows:
Results and Discussion
In order to investigate mesh independency, three different grids of 45,000, 70,000, and 87,500 are used. As the flow is axisymmetric, only the flow in a single plane from the centerline to the microchannel's wall is required to be solved. In fact, only a half portion of the axisymmetric microchannel is considered and the domain is revolved through its axis. Therefore, the 3D problem is reduced to a 2D problem, leading to less computational grid and consequently less computational cost. Structured mesh with fine mesh adjacent to the walls was used. The convective heat transfer coefficient is obtained for these grids. The maximum deviation for convective heat transfer in grid 2 and grid 3 is less than 0.01%. Therefore, the second grid was used for further investigations. To validate the numerical code, the results of the work of [57] are compared with those of the present study. Figure 2 shows the comparison for different Brinkman numbers. Acceptable agreement is observed between the results of this study with the work of [57] . A maximum error of 6.1% can be seen at the entrance region for Br = 1.0. As can be seen from Figure 2 , increasing the Br number-and consequently the Symmetry 2020, 12, 120 6 of 13 inlet mean velocity of the nanofluid-leads to a reduction of convective heat transfer coefficient which is in contrast with the behavior of the fluid in macro-scale channels. and grid 3 is less than 0.01%. Therefore, the second grid was used for further investigations. To validate the numerical code, the results of the work of [57] are compared with those of the present study. Figure 2 shows the comparison for different Brinkman numbers. Acceptable agreement is observed between the results of this study with the work of [57] . A maximum error of 6.1% can be seen at the entrance region for Br = 1.0. As can be seen from Figure 2 , increasing the Br number-and consequently the inlet mean velocity of the nanofluid-leads to a reduction of convective heat transfer coefficient which is in contrast with the behavior of the fluid in macro-scale channels. Suspension of Al2O3 nanoparticles in water is considered as the single phase nanofluid. The nanofluid flows inside the microchannel with an inlet temperature of 293.15 K, and its temperature increases as a result of the imposed heat flux on the outer wall. This paper aims to evaluate the impact of different parameters including Reynolds number, nanoparticles diameter, and particle volume fraction on heat transfer characteristics.
In Figures 3 and 4 , heat transfer coefficient as well as PEC is depicted for a constant nanoparticle concentration of 2% and an average diameter of 10 nm, respectively. It can be observed that, as the Reynolds number increases, the coefficient of convective heat transfer decreases. This is in contrast Suspension of Al 2 O 3 nanoparticles in water is considered as the single phase nanofluid. The nanofluid flows inside the microchannel with an inlet temperature of 293.15 K, and its temperature increases as a result of the imposed heat flux on the outer wall. This paper aims to evaluate the impact of different parameters including Reynolds number, nanoparticles diameter, and particle volume fraction on heat transfer characteristics.
In Figures 3 and 4 , heat transfer coefficient as well as PEC is depicted for a constant nanoparticle concentration of 2% and an average diameter of 10 nm, respectively. It can be observed that, as the Reynolds number increases, the coefficient of convective heat transfer decreases. This is in contrast with the macro-scale heat transfer problem. In microchannels, an increase in inlet velocity leads to more viscous dissipation rates. As the friction between the wall and fluid is high in microchannels, the temperature of the wall grows more intensely compared with the bulk temperature of the fluid. Therefore, the temperature difference between the bulk of fluid and the wall increases, which leads to decrement of convective heat transfer coefficients for higher Reynolds numbers. The same pattern is observed in the investigation by Lelea and Nisulescu [57] , where a higher Br number leads to a lower convective heat transfer coefficient. From Figure 4 , it is obvious that an increment in Reynolds number leads to a decrement in performance of the system. PEC is 8.01 for Re = 500 and reduces to 0.50 for Re = 2000. This is attributed to high pumping powers required for higher pressure losses in cases with great values of Reynolds numbers. Increased heat transfer has always been at the expense of increased pressure losses. Therefore, a compromise between these two parameters is needed.
Symmetry 2020, 12, 120 7 of 13 number leads to a decrement in performance of the system. PEC is 8.01 for Re = 500 and reduces to 0.50 for Re = 2000. This is attributed to high pumping powers required for higher pressure losses in cases with great values of Reynolds numbers. Increased heat transfer has always been at the expense of increased pressure losses. Therefore, a compromise between these two parameters is needed. In Figures 5 and 6 , the heat transfer coefficient as well as PEC is shown for a constant nanoparticle diameter of 10 nm and constant Reynolds number of 1000. It can be seen that, as the volume fraction of the nanoparticle increases, the convective heat transfer coefficient increases as well [29, 57, 58] . Along the tube, for pure water, h oscillates around a constant amount of 21,000 W/m 2 K, while in nanofluid with 6% of Al2O3, this is about 25,000 W/m 2 K, which is an increase of 19%. The augmentation in the coefficient of heat transfer is the result of increased thermal conductivity of the nanofluid. In Figure 6 , it can be concluded that PEC decreases with an augmentation in the solid phase volume fraction. This is the result of greater pressure losses, which is related to the nanoparticles. However, this decrement is not severe. More specifically, PEC is 2.05 for pure water and reduces to 1.77 for a volume fraction of 6%. In Figures 5 and 6 , the heat transfer coefficient as well as PEC is shown for a constant nanoparticle diameter of 10 nm and constant Reynolds number of 1000. It can be seen that, as the volume fraction of the nanoparticle increases, the convective heat transfer coefficient increases as well [29, 57, 58] . Along the tube, for pure water, h oscillates around a constant amount of 21,000 W/m 2 K, while in nanofluid with 6% of Al 2 O 3 , this is about 25,000 W/m 2 K, which is an increase of 19%. The augmentation in the coefficient of heat transfer is the result of increased thermal conductivity of the nanofluid. In Figure 6 , it can be concluded that PEC decreases with an augmentation in the solid phase volume fraction. This is Symmetry 2020, 12, 120 8 of 13 the result of greater pressure losses, which is related to the nanoparticles. However, this decrement is not severe. More specifically, PEC is 2.05 for pure water and reduces to 1.77 for a volume fraction of 6%. In Figures 7 and 8 , the heat transfer coefficient as well as PEC is depicted for a constant Re of 1000 and nanoparticle volumetric concentration of 2%. In Figure 7 , it is seen that, although the variation is not severe, higher nanoparticle sizes offer lower a convective heat transfer coefficient. In all four nanoparticle diameters of 10, 30, 50, and 70 nm, the convective heat transfer coefficient reaches rather constant values of 22,700, 22,100, 21,800, and 21,700, respectively. Looking at Figures 3 and 5 , it can be concluded that the effect of variation of the nanoparticle volume fraction and Reynolds number on convective heat transfer coefficient is considerable. However, the variation of convective heat transfer coefficient owing to the change in diameter of the nanoparticles from 10 nm to 70 nm is less than 5 percent. It is worth noting that this variation for nanoparticles of 30 nm to 70 nm is less In Figures 7 and 8 , the heat transfer coefficient as well as PEC is depicted for a constant Re of 1000 and nanoparticle volumetric concentration of 2%. In Figure 7 , it is seen that, although the variation is not severe, higher nanoparticle sizes offer lower a convective heat transfer coefficient. In all four nanoparticle diameters of 10, 30, 50, and 70 nm, the convective heat transfer coefficient reaches rather constant values of 22,700, 22,100, 21,800, and 21,700, respectively. Looking at Figures 3 and 5 , it can be concluded that the effect of variation of the nanoparticle volume fraction and Reynolds number on convective heat transfer coefficient is considerable. However, the variation of convective heat transfer coefficient owing to the change in diameter of the nanoparticles from 10 nm to 70 nm is less than 5 percent. It is worth noting that this variation for nanoparticles of 30 nm to 70 nm is less In Figures 7 and 8 , the heat transfer coefficient as well as PEC is depicted for a constant Re of 1000 and nanoparticle volumetric concentration of 2%. In Figure 7 , it is seen that, although the variation is not severe, higher nanoparticle sizes offer lower a convective heat transfer coefficient. In all four nanoparticle diameters of 10, 30, 50, and 70 nm, the convective heat transfer coefficient reaches rather constant values of 22,700, 22,100, 21,800, and 21,700, respectively. Looking at Figures 3 and 5 , it can be concluded that the effect of variation of the nanoparticle volume fraction and Reynolds number on convective heat transfer coefficient is considerable. However, the variation of convective heat transfer coefficient owing to the change in diameter of the nanoparticles from 10 nm to 70 nm is less than 5 percent. It is worth noting that this variation for nanoparticles of 30 nm to 70 nm is less that 2 percent. Therefore, it can be concluded that the change in the diameter of the nanoparticles has a negligible effect on the heat transfer coefficient of the system. Figure 8 shows the performance evaluation criterion for four different nanoparticle diameters. The figure is rather constant and is equal to 1.98, which means that it has no effect on pressure loss of the fluid flow. Similarly, it can be concluded that the diameter of the nanoparticle has almost no effect on the PEC of the system. Symmetry 2020, 12, x 9 of 13 that 2 percent. Therefore, it can be concluded that the change in the diameter of the nanoparticles has a negligible effect on the heat transfer coefficient of the system. Figure 8 shows the performance evaluation criterion for four different nanoparticle diameters. The figure is rather constant and is equal to 1.98, which means that it has no effect on pressure loss of the fluid flow. Similarly, it can be concluded that the diameter of the nanoparticle has almost no effect on the PEC of the system. 
Conclusions
The thermal and fluid flow behavior of Al2O3/water nanofluid inside a microchannel with an inner diameter of 0.1 mm was investigated numerically. The fluid flow was considered as laminar. A that 2 percent. Therefore, it can be concluded that the change in the diameter of the nanoparticles has a negligible effect on the heat transfer coefficient of the system. Figure 8 shows the performance evaluation criterion for four different nanoparticle diameters. The figure is rather constant and is equal to 1.98, which means that it has no effect on pressure loss of the fluid flow. Similarly, it can be concluded that the diameter of the nanoparticle has almost no effect on the PEC of the system. 
The thermal and fluid flow behavior of Al2O3/water nanofluid inside a microchannel with an inner diameter of 0.1 mm was investigated numerically. The fluid flow was considered as laminar. A 
The thermal and fluid flow behavior of Al 2 O 3 /water nanofluid inside a microchannel with an inner diameter of 0.1 mm was investigated numerically. The fluid flow was considered as laminar. A constant heat flux was applied on the microchannel's outer wall. Four different Re numbers of 500, 1000, 1500, and 2000 and different nanoparticle diameters in the range of 10 nm to 70 nm with four various nanoparticle volume fractions of 0% (pure water), 2%, 4%, and 6% were used in the study. The effects of these parameters were studied on the coefficient of convective heat transfer as well as the performance evaluation criterion.
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The main results of the current study can be outlined as follows:
•
Owing to the severe impact of viscous dissipation on the temperature of the wall and fluid, in contrast with the macro-scale problem, as the Reynolds number increases, the convective heat transfer coefficient reduces. Therefore, the viscous dissipation effect that is induced by shear stresses cannot be ignored in microchannels. Furthermore, PEC reduces as the Reynolds number increases, which is the result of higher pressure losses in high values of Reynolds numbers. • Augmentation in the volume fraction of a nanoparticle can increase the heat transfer coefficient, which is in expense of a lower PEC, although the variation of the PEC is not great. The PEC reduces from 2.05 for pure water to 1.77 for a volume fraction of 6%.
Increasing the diameter of the nanoparticle can decrease heat transfer coefficient. Furthermore, it was observed that variations of the diameter of the nanoparticle have no effect on PEC for four different studied nanoparticle diameters and PEC equal to 1.98.
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